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SUMMARY

The experimental objective of ECT was to develop space-borne emulsion chamber
technology so that cosmic rays and nuclear interactions may subsequently be studied at
extremely high energies with long exposures in space.

A small emulsion chamber was built and flown on flight STS-62 of the Columbia
in March 1994. Analysis of the several hundred layers of radiation-sensitive material has
shown excellent post-flight condition and suitability for cosmic ray physics analysis at
much longer exposures. Temperature. control of the stack was 20 + 1°C throughout the
active control period and no significant deviations of temperature or pressure in the
chamber were observed over the entire mission operations period. The unfortunate flight
attitude of the orbiter (almost 90% Earth viewing) prevented any significant number of
heavy particles (Z = 10) reaching the stack and the inverted flow of shower particles in the
calorimeter has not allowed evaluation of absolute primary cosmic ray-detection efficiency
nor of the practical time limits of useful exposure of these calorimeters in space to the level
of detail originally planned. Nevertheless, analysis of the observed backgrounds and
quality of the processed photographic and plastic materials after the flight show that
productive exposures of emulsion chambers are feasible in low orbit for periods of up to
one year or longer. The engineering approaches taken in the ECT program were proven
effective and no major environmental obstacles to prolonged flight are evident.
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1. Introduction

Emulsion chambers have proven an efficient means of measuring the charge composition
and energy spectrum of cosmic rays in the region above 107%eV (ref 1,2,3,4)). Such
measurements require detector exposure factors of thousands of m* hours exposure above the
atmosphere to provide adequate statistics. So far these have been, and continue to be, obtained
using balloons. However, definitive measurements of abundances above 10"%¢V require
exposures of detectors of area several m? for periods of many months, and ultimately will require
flight on an orbital platform. An engineering test flight of a 40 x 50 cm* emulsion chamber was
undertaken on the Space Shuttle to evaluate the effects of radiation background, launch, thermal
and other environments on a heavy calorimeter of this type. Since the detector stack was
composed of parallel sheets of total mass-thickness ~ 120g cm™, it also provided a thick structure
easily modeled for radiation transport calculations. The stack included arrays of small dosimetry
detectors to provide a means of calibrating the transport codes in the orbital radiation field at high
shielding depths.

This paper describes the technical results of the first orbital flight of an emulsion chamber.
The flight experiment was performed in March, 1994, on NASA’s Space Shuttle Columbia, and
designated STS-62. The Emulsion Chamber Technology (ECT) mission was planned to assess
the major uncertainties of space exposure of an emulsion calorimeter through the flight of one
sub-unit of a chamber. Deployment of an actual experiment for astrophysical research purposes
would require an assembly of many such chambers. Verification of the effectiveness of the
emulsion chamber technology in space is vital for large-scale cosmic ray experiments on the STS
and the International Space Station platforms. The secondary objective of the ECT flight was to
obtain radiation data for studying the effects of shielding on the penetrative particles of interest,
utilizing the emulsion chamber’s self-shielding materials that are much greater than the maximum
value in ordinary manned space vehicles.

Our emulsion chambers contain a fine-grain, three-dimensional tracking telescope and a
sampling calorimeter, which have proven powerful in observing very high energy cosmic ray
protons and nuclei. This method was well established for balloon flight experiments by the
Japanese American Cooperative Emulsion Experiment (JACEE) collaboration for direct
observation of cosmic rays toward the “knee” region (E ~ 10*° eV) (1). Very low intensities of
cosmic rays in the “knee” region (~ 100/m? year sr at E ~ 10'° eV) call for a large-area and long-
duration space experiments.

Long-duration space experiments, however, pose several logistic and technological
challenges for emulsion chambers. Among many issues, the following three must at least be
studied and overcome for successful experiments: (1) assess the feasibility of track registration
and analyses with emulsions and X-ray films under conditions of high background density of
slow protons coming from the radiation belts, (2) protection from hostile thermal environments to
secure uniform and regular track registration quality, and (3) provision of the mechanical strength
for safeguard of emulsions from extreme vibration and shock loads during launch of the Shuttle.

2. Instrumentation
The ECT emulsion chamber utilized over 120 double-sided emulsion plates with 70 X-ray

films, 20 sheets of CR-39 plate, and 12 radiation lengths of lead absorbers (Fig. 1). A complete
description of the flight stack configuration is given in Appendix D. The vertical material



thickness was 120 g/cm?. All the materials were tightly mounted in a hermetically sealed,
anodized aluminum chamber which was milled out of 2 blocks (Fig. 2). The ceiling or lid was an
aluminum honeycomb panel. Thin Kapton-film heaters were mounted on the top and the bottom
of the chamber. A dozen thermistors were mounted inside and outside the chamber, which, with
an electronic control unit, regulated the uniform temperature of 20.0 + 0.1° C, at all the points in
the chamber (Fig. 3) during the period while the system was powered. Ground procedures were
designed so that the chamber temperature should not exceed 30°C at any time. No excursions
above 24°C were encountered.

ECT was mounted in the Columbia on a cross-bay structure termed the Mission Particular
Experiment Support Structure (MPESS) which was configured by Goddard Space Flight Center
to carry a total of six experiments for the Office of Aeronautics and Space Technology (OAST).
This configuration was termed OAST-2. Figs. 4, 5, and 6 show ECT and the OAST-2 in the bay
of Columbia. The other experiments are identified in Fig. 7.

3. Flight Profile of STS-62

STS-62 was launched at 7:53 a.m. CST on March 4, 1994. The mission lasted a total of
335.3 hours or 13.97 days. The orbiter Columbia had a mean altitude of 296 km and an orbital
inclination of 39.0 deg. While the cargo bay doors were open for most of the flight, the bay was
mostly facing the Earth.

ECT was designed to measure cosmic rays and should ideally always have been facing
deep space and away from Earth. Practically, on the Space Shuttle, that is never possible for a
variety of reasons. At the time of mission planning, OAST-2 was secondary payload consisting
of 6 experiments. The original ECT requirement was 80 hours space viewing, based on 50%
Space:50% Earth viewing over a possible 6 to 7 day flight. This minimum was subsequently
reduced to 35-40 hours deep-space viewing. Later, the mission was extended to 14 days without
changing the ECT minimums. Because of United States Microgravity Payload (USMP)
requirements and thermal problems with at least two OAST-2 payloads, the mission was changed
from a basically gravity-gradient (-XLV) orientation to a mostly Earth-viewing flight. More than
10 days were spent in this latter orientation (-ZLV), with about 80 hours -XLV (equivalent to 40
hours deep-space). There were additional periods of several hours uninterrupted deep-space
viewing which permitted testing of the cold case thermal control system but did not substantially
add to the deep-space viewing fraction of the total exposure.

The result of this orientation mix was that only 12% of the orbital time was spent facing
deep space, with the consequence that almost 90% of all cosmic ray showers entered ECT from
the bottom, with most of the heavies having already interacted with materials in the Shuttle or the
ECT support structure.

This produced two major impacts:

1. The fraction of heavy nuclei detected was very low compared with that originally
expected.

2. The effect of retrograde showers through the calorimeter was quite different from
normal (i.e. balloon) experience, preventing direct comparison of proton and
helium fluxes and thus calibration of event-retrieval efficiency. Also, the particle



background distribution is different in the stack making extrapolations to much
longer flight times of several months problematical.

The complex mass distribution of the materials in the Shuttle bay (see Figs. 8 and 9) has
prevented the planned simplification of calculations using NASA radiation-transport codes.

It should be emphasized however that, despite these complications to our original analysis
plan, many events were traced, and detailed analyses performed as discussed below. The
engineering approaches used in the ECT experiment were adequate to protect the emulsion
materials and would provide the design basis for a space exposure using emulsion calorimetry for
a flight period many times longer.

4. Data Analysis
4.a) Materials for Data Analysis

All the photographic plates and solid state track detectors in the ECT were analyzed. To
evaluate the performance of the emulsion chamber materials in space flight, an approximately-
identical emulsion chamber of the 1994 Antarctic balloon flight experiment (JACEE-12: a 10-day
circumpolar flight) performed only 3 months prior to the STS-62 flight, was analyzed for
comparison.

The differences observed in these materials are largely a result of the thermal, mechanical
and radiation environments of the space flight and a balloon flight. Table A1 illustrates the major
differences of the ECT shuttle flight and the Antarctic balloon flight exposure. The Antarctic
balloon flight was made in the stratosphere (~38 km above the ground) and did not receive any
trapped-belt proton background. However, the year 1994, in which both STS-62 and JACEE-12
were flown, was close to solar minimum and background particle fluxes were high in both ECT
and JACEE-12 chambers, due to trapped particles and low energy cosmic rays respectively.
Comparisons of materials from these two flight materials exposed at solar-minimum help define
the background problem and give solid bases for projecting the emulsion chamber capabilities for
future long-duration orbital flights.

Materials in the Ground Control Unit for the ECT’s STS-62 flight were developed and
analyzed together with the flight materials. Other materials used in the analysis include those used
in the Materials Compatibility Tests that were performed during the Production Phase (1991 - 93).

Table Al. Flight parameters of the STS-62 (ECT) and the Antarctic circumpolar experiment
(JACEE-12).

Flight Dates Duration of Altitude Temperature  Developments
Flight (Average) during Flight  Processed in
ECT 3/4~18/94 14 Days 296 km 20+0.1°C May, 1994
JACEE-12 1/3~14/94 10 Days 38 km -5 £3°C* April, 1994

*Diurnal temperature variation at a particular plate. This does not include stable variations in plate
temperatures from top to bottom (~15°C) in the stack, nor the cool-down period (~1 day)
immediately following balloon launch.



4b) X-ray Films

Assessment of the performance of the X-ray films was made by scanning, mapping, and
photometry of the recorded high energy shower events. While ~1000 high energy events were
typically observed by visual scanning in one block of an emulsion chamber in the JACEE-12
Antarctic 10-day flight, the number of events recorded by similar selection criteria in the ECT
experiment was about 500, mainly because most energetic particles entered from the bottom of the
instrument. In fact, the observed number of events above a detection threshold energy of about 3
TeV (sum of gamma ray energies emanating from the interaction) was about 400 events, or 40%
of expectation for full-time deep-space experiment. Most primaries entered the bottom of the
chamber, having interacted in the material of the bottom of the shuttle bay, in the MPESS
structure and the experiment mounting plate. Interactions occurring at a distance from the
emulsion chamber produce diffuse showers that are not detected except at very high primary
energies.

The scanning and analysis on this point were made at the UAH Cosmic Ray Laboratory by
using an in-house designed CCD photometer. A sample of events are shown in a photograph of a
flight X-ray film where several high energy cascades are clearly visible. The background darkness
discussed in the following section appear as a general gray field in the X-ray films, as shown in a
TV picture (Fig. 10a).

All 32 layers of x-ray film in the calorimeter were scanned. The scanned events were
projected onto a single map, which gave the direction and incoming zenith angle of each eventata
glance, as shown in Fig. 10b. Using this event-map and x-ray films, each event spot on x-ray
films was measured for optical density (D,,,,..).- The background density (D,,) is also measured
around the shower event. The optical density where a shower is located is

D = D,yower + Dy Where {1
D =log ,, I/, ()

and I, and I are incident and transmitted light intensity measured by a photometer. These
measured data at various radiation lengths in the emulsion calorimeter were plotted as a function of
the material thickness (t). Automatic shower fitting for each event was performed at NASA
MSFC. Fig. 11 illustrates four such examples. For each shower spot, both D and D,, were
measured. To eliminate contamination from the shower in the D, measurements, the D,
measurements were performed at about 1 cm away from the shower. All the D data for the
shower events thus include two values of D: D, and D, Only the D, s are used for
shower curve analysis. The maximum optical density of an event (D) is the D, value at the
maximum point in the fitted curve (shower maximum). It is approximately proportional to the
number of shower electrons (N,), and it can be related to the total shower energy as a power
function of the shower energy (ZEY):

D, = [ZEy]*". 3

The world-wide convention of equation (1) that defines the shower density D, from
directly measurable film density D and background density D,, is approximate and valid only for
low optical density measurements. It is increasingly inaccurate for higher energy events that have
high D and/or D, values. This is because the quasi-linear response function of the Optical Density



of X-ray films gradually deviates from linearity at very high electron densities (p), and ultimately
saturates to the asymptotic density (D,),

D=D,(1- ﬁ%’?).where a is a constant representing silver grain size 4

High energy events that have high optical density, D,,,.. > 2, in high background-density
exposures are subject to corrections corresponding to the exact definition of the subtraction
formulae (6) for the optical density of the shower, D,,... The electron density of the shower
(Puower) and background (p,,) have to be used in subtracting the background density from the
electron density (P ,..q) Observed in X-ray films. The correct electron density and the optical
density of the shower at all ranges of the optical density are :

D,(D-D,,) )
p:hower poburved pbg a( D D) ( D Dbg) ’
and
1
D, we =Dy (1 - I—__) =k (D- Dbx), 6)
+ shower
where
D, D, pJ
=|(1-=2)-21-2)] .
[( D, ) D, ( D, )] )]

The ECT experiment is the first to recognize the limitation of the approximate formulae (1)
in high density environment. We note here that the exact formulae (6) should be used in any
future space experiment where background density D, is not small. For example, for a film with
a background D, bg ™ ~ 1.0, the correct value of D shower (from equation 6) may equal 3.5, while the
value from equation (1) is D, . ~ 3.0.

4. b):1. High Energy Event Detection and Energy Spectrum.

A total of 383 events was measured by photometric shower densitometry with the
selection criterion that the event must have more than 6 layers of the D, . values above the
minimum set value, D, (t) >0.15. The average number of the events detected with the same
criterion for the Antarctic 10-day balloon flight (JACEE-12; 1994) was 864 events. This criterion
approximately corresponds to events with the shower energy greater than 3 TeV (primary energy
~ 12 TeV for grotons 40 TeV for irons). The detected events have various zenith angles ranging
from O° to 87°. The spectrum analysis was made only for events with the zenith angle from 0°to
80°, as the D fit for events with zenith angles from 80° to 87 © was relatively poor, due to the fact
that some of these data were at the edges of X-ray films and there were some uncertainties in D,
data at the edges when measured at the pomt away from the shower spot. The raw ECT data on
the D_, differential distribution is shown in Fig. 12a. The integral D_,, spectrum of high energy
cosmic rays from measured events is (Fig. 12b):

I(> D, ) = 1005 (D, /0.1)" 188% 0% @)



The integral energy spectrum I(>ZEy (TeV)) can be obtained from the D, spectrum by using
the relationship, D, =« [ZEY]®?,

I(>ZEYy (TeV)) < (>ZEy) 150%0%, 9

The ECT result formulae (9) is consistent with the all-particle energy spectrum for high energy
cosmic rays observed on several JACEE balloon flight experiments, namely:

I(>ZEy (TeV)) = (>ZEy) ®45-159), (10)

This close correlation between measured spectral indices of the gamma-ray inelasticity for
the space-flight and balloon flight data confirms the spectrographic capability of the emulsion
chamber for high energy cosmic rays. Although a large part of the flight ime was earth-facing,
and the majority of high charge events interacted with the materials of the shuttle bay floor, the
emulsion chamber recorded and identified most of them as interactions originating outside the
chamber. Those inversely-developing shower events were degraded in the detectable shower
energy (ZEy ) due to spreading of showers in the path between the vertex (cargo bay floor) and the
ECT calorimeter. The inversely-developing events in the integral energy spectrum are reduced in
intensity by the reduced (ZEy ) value which were measured within a finite photometric slit size (250
um X 250 um). The loss in the intensity in such a raw (uncorrected) energy spectrum was about
60%, if compared with the prediction for the full-time deep-space flight (~ 1000 events).

Low energy cosmic ray protons (E < 10 TeV) and shower electrons were major
components of the track background in the emulsion chamber. In spite of the fact that a large
portion of cosmic rays entered the ECT chamber after passing through the materials of the cargo
bay floor, secondary tracks (leading cosmic ray particles, fragments, produced mesons, and
showers) were still at relatively high energies, and were not absorbed by these materials. They
were accompanied as “inversely developing showers” as shown later in Fig. 19. Hence, the total
background intensity due to cosmic rays experienced for the inverted exposure of ECT is
approximately equivalent to a 14-day deep-space orientation flight, at least in the majority of the
bulk of the chamber.

The recognition of this fact is important as a preamble in the evaluation and extrapolation
procedures of the Emulsion Chamber Technology in space for future long-duration orbital flights.

4.b):2 Background Analysis
4.b):2.1 Background Density, Position Dependence and Fluence

The background optical density was in the order of 2.4 in the central part of the x-
ray films when a conventional, regular development method (20 °C isothermal) was adopted. That
of the Antarctic, long-duration balloon flights (10 days) in the similar period (JACEE-12) was 2.2.
Both ECT and JACEE-12 received the highest cosmic ray background intensity at the solar
minimum period, when the geomagnetic cut-off was the lowest and the lowest energy cosmic ray
particles entered the detectors without magnetic rejection. These values of the background
densities are approaching the limit of efficient use of X-ray films. The actual films were processed
with drastic reduction of background density to D =0.2 ~ 0.6 by a new, low-temperature method,
described in the next section.



The background density of x-ray films depends on the position of the film in the emulsion
chamber, as a natural consequence of different fluence at different location. The D, data in films at
various depth in the calorimeter are shown in Figs. 13-1 through 13-8, where all the edges
indicate hlgher values of D,,. Because radiation-belt protons would stop within materials less than
20 g/cm?, the mid-part of the chamber received high energy cosmic rays and cascade electrons but
much less trapped proton radiation; while the edges and the upper portion of the chamber received
more proton background and exhibit higher darkness on x-ray films. This can be clearly seen in
these figures.

A comment is due for both ECT and JACEE-12 films: the edge density is higher than that
of the central area, due to slow protons and soft components that stopped within the chamber.
This enhanced darkness in ECT x-ray films at the edges is shown in Fig. 13. These edge darkness
values were higher than D = 2.5 if processed by a regular development method, causing difficulty
using the normal technique with naked eyes and a regular-luminosity light-box. While the use of
a high luminosity lamp and a scanning densitometer still allows analysis of these high-density x-
ray films, the low-temperature development reduced these darknesses to D ~ 0.5, and the analysis
was made easy using the standard eye-scanning method.

The absolute value of the D, by the UAH’s CCD photometer was calibrated by the PMT
photometer at the NASA/MSFC pnor to the STS-62 flight. The uniform background and shower
are different in calibrations, because the shower has lateral structure and the CCD and PMT have
different saturation functions at high densities. Calibration with uniform density (wedge) is given
in Fig. 14a, and that for showers, in Fig. 14b. We use this (Fig. 15a) internal calibration for the
general discussion on background endurance in (a)-1 and in other sections. The relationship can be
approximated for showers as D, = 1.55 Dy (up to Dy < 1.0). Densities of the high density
shower events were measured by both CCD and PMT. On the other hand, the relationship for
uniform background is approximated by a 5-th order polynomial (dotted line). The PMT saturates
at Dy, = 4.2, while CCD saturates at D, = 2.2 (Dpyr = 3.3). The fluctuations of the photometry
for both CCD and PMT were ¢ = 0.05 ~ 0.06. Throughout this report, we will omit this error
value for simplicity. The D, values cited in the following descriptions are all those of the CCD
measurements, unless otherw1se specified.

The thickness (t) dependence of the darkness for the ECT x-ray films is shown by the
darkness data in Figs. 13. The Antarctic balloon data, on the other hand, indicated a gradual
increase of D,, with increasing material thickness in the calorimeter, as a result of the cascade
development of electron showers in the lead calorimeter. (The balloon flight detector did not
receive trapped-belt proton radiation.) However, the ECT chamber received all the orbital radiation
particles (Fig. 14c) in more complicated manner. When compared with the balloon flight data, the
following was observed:

(1) The (1) dependence of the D, was qua31-symmemc with the highest values in the center of
the calorimeter. The ECT was exposed to cosmic rays and radiation mainly with opposite
orientation of the field-of-view to that on balloons.. Consequently, the D, does not
monotonically increase toward the bottom of the chamber. Detailed transport calculations
have not been performed to see if this result can be replicated.

(2) The increase and an eventual decrease of the D,, with increasing depth was more
pronounced than the similar fluence data from emulsions and CR-39 that measured the



This observation might offer a plausible explanation to account for the enhanced depth-dependence
of x-ray film data, although we cannot quantitatively fully understand the ECT flight data at this
point. The analysis is complicated by the mixing of different radiation profiles due to the mixed
profiles of the shuttle orientation. The ECT data of D, in the central location of the x-ray films are
shown in Table X1. Compared with this table is the data from the emulsions measured at the
center of each plate (Table X2).

Table X1. Three-dimensional data summary of the X-ray film optical density.

Depth Co1 Cco04 C12 C1s C18 C21 C33
(g/cm?)
A 0.69 0.59 0.53 0.55 0.50 0.53 0.59
+0.14 017 +0.16 £0.13 +017 016 +0.13
B 0.73 0.62 0.59 0.59 0.55 0.55 0.59
+0.13 +0.16 +0.14 +0.13 +(0.15 +0.15 +0.13
C 0.63 0.59 0.51 0.51 0.50 0.53 0.58

+0.16 +0.17 +0.16 +0.13  +0.16 +0.16 +0.13

A: Center of the left side, B: Center of the film, C: Top edge at the left side.

Table X2. Density of Fog, Grains, and Tracks (at center of the plate).

Vertical Depth 2.29 g/cm® 33.17 g/em® 113.41 g/cm’ Ground
Control
Plate Number P-03 P-69 C-35 #1
Fogllmmplm3 1.61+0.14 1.49+0.14 1.71 £ 0.15 1.24 £0.13
Grains/100pum 26.09 £ 4.20 30.93 £2.96 31.37+2.80 3242+1.92
Tracks 10°/cm’ 430+0.16 3.56 +0.36 2.53+0.27 0.418+0.19

4. b)2:2 Background Analysis : Isothermal, Low-temperature
DevelopmentMethod Required for Space Flight X-ray Films

When the background density is very high (such as D, > 2), visual contrast in x-
ray films becomes very poor for shower detection, and an undesirable saturation of the linear
response curve of x-ray films on the shower energy becomes significant. D,, < 2.0 is
recommended for efficient scanning and preservation of a linear response of D, for energy
determination. Considering the possibility of much higher background density, as would result by
exposing the EC on Space Station for 1/2 to 1 year, we experimented and established a new, low-
temperature development recipe for the ECT experiment (5 OC isothermal for 3 minutes). Table
X3 shows a comparison of conventional recipe and the ECT’s new recipe.




Table X3. Comparison of recipes for X-ray film development

Temperature °C 5 5 5
Duration (minutes) -variable 1~7 1~3 30 ~ 40

Temberatire °C. , 20 ' 20 20
Duration (minutes) -variable - 5~20 1 20

The new ECT prescription seems to respond well to the particle-background density
problem posed by long-duration space flights, by reducing the D, from 2.1 to 0.5 without
compromising the number of detectable events. (We used longer 'aevelopment time of 5 minutes in
the actual development of the ECT X-ray films, with the average D, value of 0.2 by CCD and 1.1
by PMT.) The method works by reducing the size of the developed silver-halide crystal without
much reducing the number of latent image-grains. Since Dy, varies with the background track
density, N, (bg) approximately according to:

D,, = log N, (bg), (11)

we project that the effectiveness of x-ray films in recording and analyzing events will be maintained
up to backgrounds of ~80 times (10 ***°%) that of the ECT exposure. We conclude that, with
suitable adjustment of development procedures, chambers can be effectively deployed (in a similar
orbit) for up to (80 x 15) = 1200 days.

At the higher orbit (400 km) and inclination (57°) expected for the International Space
Station, the background density can be about 3 times higher than the STS-62 orbit (300 km, 39 0y,
and the maximum useful duration would be about 400 days. This number is subject to the nature
of the background. The number quoted here is for trapped belt radiation, which affects the validity
of x-ray films in the edges and at the shallow depth in the emulsion chambers.

4. b):2.3 Background Analysis: Materials Compatibility Studies

Aluminum and other “active” metals have long been known (ref 5) to have
potentially damaging effects on silver bromide emulsions, and emulsion lore is rife with stories of
plates and pellicles ruined by contact with or proximity to such metals. The JACEE Collaboration
in 10 balloon flights had avoided that problem by constructing the emulsion containers entirely
from non-metallic materials such as rubber sheet, polymethylmethacrylate (lucite) and plywood.
The rigors of rocket launch, and the requirements of demonstrably safe mechanical confinement
and attachment, resulted in the basic container design being a hermetically sealed aluminum box.
While this conferred some advantages, such as more accurate plate positioning and maintenance of
constant humidity in the plate materials, it did require a focused effort to assure compatibility of
materials with emulsion gel plates and x-ray films. These detectors must be able to be stored in the
flight housing for 1 year without significant degradation.

A program was devised and carried out in which small pieces of the detector materials were
exposed to the box construction materials for various periods from 1 to 18 months. Of



principal concern was Al. Tests were conducted with bare Al and with various kinds of surface
coating on the metal. Tests were conducted both with the dissimilar materials both in direct
contact, and in close proximity within small sealed chambers.

Table X4 lists the materials and conditions of exposure of films. Diagnosis is defined by
the words “Normal” or “Damaged”.

Table X4. Various tested materials, Optical Density (PMT) and physical conditions.

Hermetic Sample 1 Sample 2 Sample 3* Sample 4
(1.0 months) (2.5 months) (4.5 months) (18 months)
Controls 1.46 1.50 0.91 2.02
with Krylon 1.47 1.46 0.89 -
with Epoxy 1.45 1.58 0.94 -
with Aluminum 1.38 1.56 0.94 -

All samples were normal conditions; * short development processing; - Data not available

Table XS shows the optical densities of the test films. The sample names, 1, 2, 3, 4, and
F, correspond to the duration of the exposure for the test, 1.0 month, 2.5 months, 4.5 months, 8.5
months and 18 months, respectively. The sample 4C was for 8.5 months.

Table XS. Optical Density (PMT data) of the ground control X-ray films.

Materia\Period | Samplel  Sample2  Sample 3  Sample4  Sample 4C  Sample F

Control 1.57 1.55 1.55 2.02 - 1.38

Aluminum# 252@ 2.19@ 2.20@ 348@ 207@ 1.78@

Anodized Al # 1.76# 1.80# 1.93# 2.17# 1.69# 1.52#

Alodined Al.# 1.69## 1.55## 1.57## 1.97## 1.98## 1.65##
Black Lucite 1.45 1.44 1.49 1.55 1.92 1.80
Clear Lucite 1.43 1.51 1.52 1.80 2.02 1.47

1/4”
Si Rubber 1.49 1.54 1.49 1.64 1.78 1.52
Clear Lucite 1.67 1.62 1.61 1.72 1.87 1.55
1/16”
Viton O-ring 1.61 1.60 1.56 1.78 1.68 145
Gold Plated AL. 1.41 1.50 1.50 1.72 - 1.50
Parafilm - - - 1.73 - 1.66
Anodized Al - - - 1.84 - 1.50
painted 1
Anodized Al - - - 1.78 - 1.49
painted 2

Pb (cleaned) - - - - - 1.78
Pb (painted) - - - - - 1.65

@: All contact pieces were damaged, progressively worsened; non-contact part was fogged but not damaged.
#: All contact samples were somewhat damaged; non-contact sample were not damaged.

##: Some contact samples were damaged; non-contact samples were not damaged.

All other samples without @, #, and ## symbols were in “Normal” condition.

10



Aluminum and alodined aluminum were shown to destroy emulsions and X-ray films on
contact, while anodized aluminum was inert. Anodized aluminum was selected for the space flight
emulsion chamber based upon these material compatibility tests. The actual shuttle flight result
confirmed the ground test results. It is reasonable to extrapolate further, based on the ground tests
and the ECT flight, that all the materials in the flight emulsion chamber in a ECT pressurized
vessel should be safe for long duration space flights at least up to 18 months.

4.c) Emulsions

Measurements of the high energy cosmic ray events, background track density, chemical
fog, and grain density were performed using high magnification microscopes. Similar
measurements were performed with ground control unit and balloon-borne emulsions to compare
the quality and capabilities with the space-flight emulsions.

4.c):1 Quality of T:acks (Examination by Berriman-Curve Test)

The contrast for track re¢ognition in emulsions was excellent and clear track measurements
were achieved. Grain density relative to the fog density is a measure for evaluating the quality of
the track recognition contrast (Berriman curve Fig. 15). “Excellent” quality of emulsions are
indicated by a domain above the solid curve in the figure, while the dotted curve represents the
“good recognition”. They were measured at the central part of the emulsions, because the majority
of the emulsion measurements for cosmic rays depend on the quality in the central part where the
event tracking will be made. All the ECT emulsions turned out to be “excellent contrast” as
demonstrated in Fig. 15 (Berriman curve) and Fig. 16 (photograph).

Table E1 provides the measured densities of grains and fogs, as well as the background
track densities. In average, the grain density of the ECT flight emulsions for relativistic,
minimum-ionizing, Z = 1 particles was 29.5 + 1.8 grains/100um, while the fog density was 1.60
+ 0.08 fogs/1000ptm?, while those of the ground-control emulsions for the same period were
32.42 + 1.92 grains/100pm and 1.24 + 0.13 fogs/1000pum>, respectively. The grain density of
both materials are similar within the statistical errors, while the fog density is clearly enhanced by
29% (to 3o level) in the flight emulsions. This difference is small enough to assure the high
quality of flight emulsions.

Table E1. ECT background measurements (on emulsion properties).

Plate Number Location from the Fog density Grain density Background (10°
top (g/cm?) (fogs/1000 pm®)  (grains/100 pm) tracks/cm?)
P-03* 2.29 1.61+0.14 26.09+4.20 430x0.16
P-69** 332 1.49+0.14 3093 £2.96 3.56 £ 0.36
C-35** 1134 1.71+0.15 31.37+2.80 253+0.27
Control** GROUND 124+ 0.13 3242+£1.92 0.42+0.19

* measured at 1 cm from the edge of the plate.
** measured at the center of each plate.

The ECT in-flight temperature set-point was selected at 20°C. This is near the upper limit
of safe working temperatures for emulsions (30°C maximum). Emulsion fog is often induced by
high temperature and by some active chemicals in the environment surrounding the emulsions. It
is possible that the small observed difference in fog densities is mainly due to thermo-chemical fog
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induced during some part of the transportation and storage period when several days of high
temperature (21 - 22.5°C) were recorded for the flight emulsions. The ground-control unit did not
experience such high temperatures. Table XS5, Table E1 and Fig. 15 show a time-and-
temperature dependence of fogs in emulsions. In the following discussion we should emphasize
that the fogging observed in the ECT plates was a small but observable effect that did not affect
data retrieval to any significant degree.

The compatibility test (described below) indicated a very slow increase of fog as a function
of the increasing storage period at room temperature (= 17°C). In the anodized aluminum box in
which the ECT emulsions were flown, the fog increased from only 5% to 10% for a storage
duration of 1 month to 18 months over the hermetically sealed storage emulsions (contact with
Lucite plates). The ECT result implies that the observed increase of fog over the ground-storage
materials was not likely to have originated from the chemical reaction with the materials in the
ECT box in the space environment, but it is more likely due to the increased temperature during
the periods (Jan 6 -13; Jan 26 - 30; Feb. 1 - 5, 1994) prior to the STS flight (Fig. 17).

Although the analysis of fog indicated with reasonable likelihood that high temperature
during ground storage/transportation was responsible for an increased fog of about 30%, a further
question remains: whether there was any combinatory fog increase due to other materials in the
chamber, interacting at higher temperatures than that of our compatibility tests. This examination
will be necessary to fully guarantee a limited fog-increase for a very long-duration space flight, and
it must be addressed here as a further requirement of a ground test.

4.c):2 Tracing of High Energy Tracks/Showers in Emulsions

The flight emulsions provided high visibility for all individual tracks including minimum
jonizing tracks. Very clear shower tracks were photographed from emulsions showing excellent
quality of event recording as demonstrated in Figs. 18 and 19. A “normal shower development”
is shown in Fig. 18, which is an event entered into the chamber from space in deep-space flight
orientation period. An “inverse shower development” is easily identified by the unique signal of
the inverse development of the lateral spread. Shown in Fig. 19 is an example where the event
produced a cascade shower from the bottom to the top of the chamber after entering and interacting
with the cargo bay during the Earth-observing orientation of the STS-62.

A primary iron nucleus track and two interaction vertices in the emulsion chamber were
photographed in Figs. 20 - 22 with the highest magnification of x 100 objective lens. General
(x 20) image of emulsions were compared in Fig. 23 between an ECT emulsion and a long-
duration balloon-borne emulsion, where similar excellence of track qualities are observable.

Showers were traced from the lower part of the calorimeter upward into the target and
primary modules. This event tracing is expected to be subject to interference by copious
background tracks at high background density. Despite the density in the order of 10°/cm’ in the
ECT emulsions, there were no significant difficulties in tracing events upwards even when the
“jet” structure of the event becomes thin and small in the target module.

The ECT and long-duration balloon-borne emulsions (JACEE-12, 1994; JACEE-13,
1995) have the highest background level among all the past space-flight emulsion chamber
experiments. It is not straightforward to assess what density of the background will prevent
efficient tracing, because we do not have much experience with emulsions that have much higher
background density than the ECT or JACEE-12. Nevertheless, some assessment is possible.
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Emulsion is a three-dimensional micro-photographic device. The vertical focus is as sharp
as 1 um, and the lateral resolution of tracks is as good as 0.1 pm. One minimum-ionizing,
relativistic track will form about 30 grains in 100 um of track length. The visibility can be
approximately defined by the average grain distance (r,,) between different tracks versus average
grain distance in a track (r,):

6/t > A, (12)

where (A2 1). Sufficient track recognition with a condition of (A~ 2). The minimum condition to
identify a track corresponds to (A~ 1).

A cosmic ray track has an average zenith angle of 45°, and therefore, the average lateral
grain separation is 2.36 um, while that of vertical is also 2.36 um. This chain of grains (blobs)
belonging to a single track can be recognized as a track when other grains from other tracks
overwhelm and confuse the recognition of a single particular track. When one has 10° /cm? track
density in emulsions (ECT) the average track separation (r,,) is in the order of 14 microns,
satisfying the above ratio r,, /r, > 1 by a factor of about 5. If the background cosmic ray tracks
(not those of trapped-belt radiation protons which will be absorbed in emulsion chamber)
accumulates up to 35 times more than the ECT track density, the single ionizing track recognition
becomes very hard as the r,, becomes as large as r,. This is true for the high-sensitivity emulsions
(Fuji ET-7B). Hence, our conclusion should be that the single ionizing track can be traced with
increasing difficulty in high background track densities up to 3.5 x 10’ particles/cm?, and the
ECT’s 14 day flights had only 1/35 of this limit. The limit may be 35 x 14 days = 490 days on
orbit, provided that the emulsion chamber is large enough to absorb most of slow proton
background coming from the radiation belts. The edges and the very top portion of the emulsion
chamber record slow protons before their stopping, and the visibility of a single track therein will
be poorer in these edge regions.

Concerning traceability in low sensitivity emulsions (Fuji ET-6B) for nuclei with charge of
helium or larger; the same argument applies with different parameters. The r, of a Helium track in
ET-6B is 2.53 um. Because ET-6B records grains of background protons as few as 7 grains/100
um, they can be completely ignored. The background tracks to be considered are those of helium
and z/g 22. They are less than 30% of cosmic rays. Therefore, from the consideration of r,,, the
limit of track recognition will not be reached until exposures of 1,420 days. This limit with the
low-sensitive emulsions (ET-6B) will remain close to this value even when radiation-belt protons
increases in a very high orbit (500 - 1000 km), so long as the main detector part where the self-
absorption of the emulsion chamber effectively works is concerned.

For heavier tracks (Z > 2), the average grain separation in low-sensitivity ET-6B emulsions
is 1.12 pum for lithium (Z = 3), and 0.28 um for Carbon (Z=6). Acceptable track densities for them
are very high, and the limit of exposure duration in space would exceed several years, so long as
low-sensitivity emulsions are used.

4.c):3 Track Density in Emulsions

The track density was measured by both manual and automatic microscopes. Track by
track identification was easily made by manual visual scanning as listed in Table E1.

The automatic microscope (CUE-2) does not identify blobs and separate grains as
belonging to the same track, and gives an order of magnitude larger number of objects in a field of
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view. (An advanced algorithm to connect the spatially-separated parts of a track [objects] into an
identified single track is being developed, but it has not yet been used in the ECT analysis.)

The Table E2 shows the material-thickness dependence of the object density in the ECT
and JACEE-12 emulsion chambers. By the distinct identification of real tracks in the manual
scanning, the number of objects in the CUE-2 auto-analysis can be calibrated as 10 times of the
number of individual cosmic tracks.

Table E2. “Object” density dependence on vertical material thickness.

Object P-03 P45 P-69 C-10 C-14 C-18 C-22 C-26 C-30 C-35
Density | at at at at at at at at at at
(10%cm? | 229 222 332 509 609 709 809 909 101. 113

glem’ g/om® g/em® g/em’ g/om® g/em® g/om® gfom? g/om’  g/em’

ECT 359 446 470 402 408 353 371 155 099 034
JACEE- 1.84 299 457 453 - - 391 - - -
12

- (data not available at this time at the same vertical thickness)
4.c):4 Linear Energy Transfer (LET) Data

Track grains (blobs) were counted for individual particle tracks with a microscope having
x 1,500 magnification. A blob is a clump of grains that are not separable with the 1,500
magnification. More grains are viewed as blobs for tracks that have higher Linear Energy Transfer
(LET), and the present results on LET spectrum are lower bounds at hlgher LET’s.
Flgs. 24 (a) - (¢) show LET spectra at the vertical thickness of 2.29 g/cm?, 33.17 g/cm?, and 113.4

g/cm?, respectively.

The intensity of the minimum ionizing tracks does not change much with the material
thickness. However, tracks that have dE/dx > 2 x minimum ionization (~ 4 MeV/g/cm®) decrease
substantially with increasing material thickness. While the details of the thickness dependence
must wait for a full Monte Carlo simulation for quantitative analysis, it can be concluded that the
observed profile should reflect absorption of slow protons of trapped belt radiation. This
conclusion is also supported by comparison of the LET spectra.

At shallower depths of the ECT and JACEE-12 materials, the LET spectra are dissimilar
at high LET’s: Relative intensity of high LET particles at shallow material thickness are much
more abundant in the ECT experiment than that of the JACEE-12, while those at deeper depths are
similar, indicating that the high LET tracks of ECT materials are absorbed in the ECT materials.

, For comparison, JACEE-12 data are shown at equivalent thickness (1.5 g/cm?, and 70
g/cm?) in Figs. 24 (d) ~ (e), respectively.

4.d) CR-39 Analysis

CR-39 etchable plastics were separately described in this final report by the University of
San Francisco co-investigators. Several independent measurements were performed at the
University of Alabama in Huntsville, described below.

Owing to operational problems and increased environmental restrictions on the chemical
etching facilities, the etching of the ECT CR-39 has just been completed. We have on hand now in
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our lab two sets of CR-39 plates fabricated from material of the same specification (American
Acrylics USF-3). One set flew in orbit for 14 days in ECT; the other for 10 days on an Antarctic
balloon. A few notable differences were discovered in these two different flight experiments. An
assessment of the difference of sensitivity was made by taking a temperature effect into account.
Assessment of the difference in physical appearance was made in terms of scattering centers
formed by small etch-pits and contaminants, nonetheless, thorough assessment requires additional
material compatibility tests of CR-39 at different temperatures and at different atmospheric
pressures.

4.d):1 CR-39 Etching, Uniformity, and Quality

Large size CR-39 plates (40 cm x 50 cm) were included in the ECT and regular balloon
flight emulsion chambers. They are intended to be used for charge measurements of heavy
nucleus tracks, and are also considered for the state-of-the-art coordinate measurements for future
analysis of track momentum by using the multiple Coulomb scattering method.

The large-size CR-39 plates exposed in previous experiments were usually cut into smaller
segments and etched (20 cm x 25 cm or smaller size) so that they fit the stage of measurement
microscopes. The University of Alabama in Huntsville has developed a large stage microscope
(50 cm x 50 cm) to analyze a large-size CR-39 plate for coordinate measurements.
Correspondingly, the ECT CR-39’s were etched in their original shape (40 cm x 50 ¢m) in a large
etching bath at the Naval Research Laboratory. Standard etching recipe was used: 70°C for 24
hours with 6.25N NaOH solution. Two large racks made from stainless-steel wire-mesh were
used in a etching bath. The temperature gradient over the entire racks were monitored at various
rack positions and was controlled to within + 0.05°C.

4.d):2 CR-39 Objects (Etch-pit hole) Data

CR-39 plates were scanned with an automated “object” analysis microscope (GALAI
CUE-2 Auto-morphometer). Each plate was measured at the center (Part B) and at opposing
edges (Parts A and C). Many parameters were measured automatically during the scanning
operations. There were many small etch-pit holes and the measured data of the “area size”, which
include those of background stopping a-particles, and contamination due to chemical instability of
CR-39 surfaces. The ECT plates had a larger population of these small etch-pits relative to those
of the JACEE-12 balloon flight materials, although these two experiments used the same CR-39
formulation from the same lot.

The measured “track density” strongly depends on how many of these small etch-pits are
contained. Also, “average area-size” similarly depends on them, but in the opposite way: the
“average size” becomes smaller when more small-sized contaminants are included. To minimize
the effect of small-size contaminants, the auto-program set the minimum sampling value (60 um?)
for the “object” area-size.

Three different sets of CR-39’s were included in the ECT emulsion chambers. The group
(D) are 10 sheets of CR-39 (CR1 ~ CR10), used in the emulsion chamber for regular charge
measurements of high energy nuclei. The group (II) consists of 6 sheets (B2 - B7) inserted in the
calorimeter section, which contained dozens of CR-39 doublets (E04 + EO1, E12 + EQS, ...)in
cut-out slots. The dosimetry and LET spectra in the calorimeter are reported by using these
materials in the separate article by the University of San Francisco group.
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We measured in several places on the large CR1 - CRS plates from group (I), and two
calorimeter plates of the group (II) that held doublets of (E16-EC) and (E30-E38). The “object
density” and the “average area” of objects are shown in Figs. 25a and 25b, respectively, as a
function of increasing vertical thickness and the location (A, B and C). The central part (B) had
less variation in the “object density” than those at edges (A and C). High object density at edges
(A and C) indicated gradual decrease with increasing thickness. The average area size for all parts
(A, B and C) did not show noticeable differences throughout all the depth for CR1 to CR6.
Nonetheless, as remarked previously, these data are still subject to change due to unclear origin of
contaminants of small objects. The analysis by CUE-2 auto-morphometry remains uncertain in
this regard.

4.d):3 CR-39 Data Comparison with Balloon-borne Environments

Similar analysis was performed for CR-39 plates flown by a balloon (JACEE-12). Figs.
26a and 26b show the “object density”” and the “average area” from the top (RRP2) to the bottom
(RRC22) of the chamber. Only small variations on these data were found as a function of the
increasing thickness of the chamber materials. However, the data on the top indicate higher
density and average size, which quickly decreased within about 10 g/cm?, suggesting absorption of
slow nuclei (nearly zero cut-off energy) received near the magnetic south pole in the JACEE-12
circumpolar flight.

The most noticeable difference of etch-pit hole data between the ECT and JACEE-12
flights is the average area size. The ECT data indicates the median of ~ 250 um?, while the
JACEE-12 balloon flight data shows that of ~ 400 um?®. The observed difference is somewhat
puzzling, because they were produced in the essentially same lot and etched at almost the same
time by the same NaOH prescription. The cause of this difference is not clear. Nevertheless, we
have also recognized another difference between the two samples; namely, the ECT plates were
rather milky (having a lot of scattering elements ~ small etch-pits) while JACEE-12 plates were
far more transparent (having less scattering centers). The number density of small etch-pits in
CUE-2 auto-morphometry in fact supported this observation of the physical appearance.

The observed difference of sensitivity cannot be straightforwardly accounted for by the
small difference of the charge and energy spectra of heavy nuclei in orbital flight and circumpolar
balloon flight. A large difference (~ 40%) of the average area of large etch-pits is suspected as a
possible environmental effect on CR-39 sensitivity during the flight.

It is well known that the sensitivity of CR-39 is strongly dependent on temperature,
particularly when they are compared at low temperature (T < 0°C) and at ambient room
temperature (~ 20°C) (Fig. 27). The former are about 50% more sensitive than the latter case, and
the observed difference (~ 40%) is reasonable.

The second difference, the number of small etch-pits or contaminants, can hardly be
attributed to the temperature effect only, because the ground control did not show the consistent
results to support the temperature effect on this characteristic.

More importantly, these two flights had another physical difference during the flights when
the cosmic tracks were recorded. The CR-39 sensitivity has been known to be low in vacuum
condition. The latent image requires oxygen for track record to be fixed in polymerized molecular
reactions. Because of this reason, the ECT used a pressure vessel (~ 1 atm. of air) to maintain the
sensitivity of CR-39. JACEE balloon flights were always carried out with emulsion chambers
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enclosed in an air-tight rubber-bag with a one-way passive valve to release interior gas out to
environmental low pressure. The JACEE chamber was literally in vacuum when tracks were
recorded, and did not benefit from the positive effect of oxygen for fixing the latent image of etch-
pit hole. This physical difference on oxygen accompaniment with CR-39 plates can hardly account
for either of the differences observed between orbital and balloon flight.

A suspicion exists for possible combinatory chemical-thermal effect on CR-39 plates. We
have conducted materials compatibility tests for emulsions and X-ray films. However, no such
tests were performed in the ECT experiment. Some materials in the emulsion chambers may be
reactive with CR-39 surfaces and can cause irregular contaminants or quasi-etch pit holes of very
small kind. Such effect, if it exists, must be activated either by moderately high temperature

(~ 20°C) and/or oxygen content. Though it remains speculative, the ECT experiment alone
cannot exclude such a possibility. Further material compatibility tests of CR-39 plates at high and
low temperatures with and without oxygen must be performed in combination with all the
emulsion chamber materials.

s. Conclusions: ECT Flight Data and Projected Feasibility for Long-Duration Space
Flights

The ECT experiment provided sufficient materials and data to demonstrate excellent
performance of an emulsion chamber for an orbital flight, and to verify the basic design approach
for containment and environmental control throughout all flight operations.

The pressure chamber and active thermal control system operated normally throughout
shuttle launch, orbital flight, and landing. The pressure was kept at 1 atm all the time and the ECT
materials were maintained at 20 + 0.1°C and 1.0 atm pressure during track registration.

The x-ray films in the emulsion calorimeter registered as many high energy cosmic ray
events as expected by the pre-flight calculation using the known cosmic ray flux. The emulsion
quality was found to be as good as any balloon flight experiment or ground control unit for
recording cosmic ray tracks from protons to iron nuclei, including secondary mesons and cascade
electrons.

The outer few cm of the dense emulsion chamber material was found to absorb efficiently
the slow protons and electrons from trapped-belt radiation. The track acceptance capacity in
emulsions and X-ray films and usefulness for track analyses are found to be limited more by
cosmic ray intensity than the radiation dose from trapped belt particles.

The track densities of minimum ionizing tracks allowed an assessment for extrapolated
long duration space flight. The ECT emulsion chamber allows track analysis of cosmic ray
protons up to 1.34 years of orbital flight. Longer space flights using low-sensitivity emulsions
may be useful for up to 3.9 years for helium nuclei, and even longer for carbon and larger nuclei.

The cascade recording by X-ray films was found to be useful for long-duration space
exposures, with some adaptations of current method. In particular, a low-temperature under-
development method was invented during the ECT experiment, allowing high-track-density
exposures of the order of ~ 80 times the ECT flight for useful shower analysis, although the
threshold energy will increase accordingly (V80), from XEy~ 2 TeV for 14 day flight to > ~ 20 TeV
for up to ~ 3.3 years of flight.
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The CR-39 solid state track detector was useful in orbital flight, giving excellent LET
spectra at various material overburdens. Some differences of the orbital flight materials in ECT
chamber from those of Antarctic balloon flight were observed. The main difference, that of
sensitivity, was accounted for as due to temperature effect. We should recommend a re-
examination of the set-point for the thermal control system for a future flight. A lower set-point in
the range of -5°C to 10°C would use less power, and provide a better operational environment for
emulsions and particularly CR-39. Additional material compatibility tests of CR-39 are
recommended for preparing CR-39 exposure in emulsion chamber for long-duration space flights.
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Measurement of LET Spectra, Absorbed Doses and
Low Energy Neutron Dose Equivalents in the
Emulsion Chamber Technology Experiment

Abstract

LET spectra, total absorbed dose and low energy neutron fluence and dose equiv-
alent measurements were made at various locations throughout the Emulsion Cham-
ber Technology (ECT) experiment. LET spectra were measured under seven differ-
ent shielding depths in the vertical center of the experiment stack. The low LET
(<10 keV/pum) region of the spectrum appeared to be dominated by stopping primary
protons and was attenuated by the experiment shielding as measured from the lid to
the base of the experiment stack. The mid (>10 keV/um) and high (>100 keV/pm)
LET regions of the spectrum appeared to be dominated by short range, high LET sec-
ondary particles produced in interactions between high energy protons and the nuclei
of the experiment components. Only 20% of the high LET particles were long range
(>600 pm) and thus considered to be galactic cosmic rays (GCR). Of this long range
particles, ~80% were seen to be arriving from the direction of space (opposite Earth)
and were stopping, illustrating the effect of the large amount of shielding in the ECT
experiment on the GCR component. Little difference was seen in the overall integral
LET flux spectra as a function of shielding.

Total absorbed dose was measured in TLDs at nine locations across the surface of
each of the seven CR-39 PNTD pairs. Dose was seen to decrease as a function of shield-
ing as measured from the top of the experiment stack. A mean dose of 238 + 3 mrad
was measured under 1.19 g/cm?, while a mean dose of 142 + 1 mrad was measured
under 94.91 g/cm?. There was little variation in dose amongst the different TLD loca-
tions across a given PNTD pair with the exception of PNTD Position 5. Dose through
the experiment stack at Position 5 was substantially greater than that measured in
other TLD positions, most likely due to the shielding environment surrounding the ex-
periment and the orientation of the spacecraft relative to the South Atlantic Anomaly
(SAA) during much of the mission.

Thermal (<0.2 eV) and Resonance (0.2 eV-1 MeV) neutron dose equivalents were
measured at three locations within the experiment stack. A thermal dose equivalent of
0.30 = 0.0 mrem and resonance dose equivalent of 11.3 + 5.6 mrem were measured
under the maximum shielding of 94.91 g/cm?. Maximum thermal and resonance neu-
tron dose equivalents of 0.79 % 0.16 and 39 + 19 mrem, respectively, were measured in
the middle of the stack under 41.84 g/cm?. This was substantially higher than similar
measurements made under lower shielding in previous STS missions, demonstrating
the effect of shielding as a neutron moderator and thermalizer.
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1 Introduction

The Emulsion Chamber Technology (ECT) experiment consisted of a thick stack of radiation
sensitive materials including nuclear emulsion, x-ray film, and CR-39 plastic nuclear track
detector (PNTD). Interspersed within the experiment stack were seven doublets of CR-39
to measure the LET spectra above ~5 keV/um. Arrayed inside each CR-39 doublet were
Thermoluminescent Detectors (TLDs) to measure total absorbed dose. Also included in
three locations within the experiment were neutron detectors to measure thermal (<0.2 eV)
and resonance (0.2 eV-1 MeV) neutron fluences and dose equivalents.

The ECT experiment flew in the cargo bay of the Space Shuttle on the STS-62 mission.
STS-62 was launched on 4 March 1994 at 7:53 A.M. Central Standard Time. The mission
lasted a total of 335.27 hours or 13.969 days. STS-62 had a mean altitude of 296 km and
an orbital inclination of 39.0°. STS-62 was an Earth observation mission and the cargo bay
was open toward the Earth, placing the bulk of the orbiter between the ECT experiment
and space.

Exposure to ionizing radiation can be analyzed in terms of energy spectra or Linear
Energy Transfer (LET) spectra. The LET of a particle is a measure of the change in the
energy of the particle per unit path length and varies inversely with the energy of the particle.
A particle’s LET is believed to be of greater relevance than its energy in terms of significance
to radiation sensitive materials and components and to radiobiology since LET is a measure
of energy transferred to the surrounding medium through which the particle is traveling.
CR-39 PNTDs measure the fluence (particle density per unit area, solid angle) and the
LET of ionizing radiation of LET,,-H,0 >5 keV/um. Fluence and LET measurements can
be combined to produce integral fluence and dose LET spectra. The fluence or dose from
particles greater than a given LET on the y-axis is plotted as a function of LET on the
z-axis. TLDs measure total absorbed dose directly and measurements are presented in units
of mrad. Since TLDs are not capable of recording LET, it is not possible to convert the dose
to dose equivalent.

The altitude and inclination of the spacecraft orbit affects the relative contribution of
the different radiation components to the total dose. For low inclination orbits (28.5°) above



~300 km, the major source of dose will be from trapped protons in the South Atlantic
Anomaly (SAA). A low altitude, higher inclination space shuttle mission, (~300 km) at
39.0° inclination, such as STS-62 will receive a lower dose from trapped protons in the SAA
than will lower inclination (28.5°) missions. Exposure to trapped protons can be seen in
LET spectra measurements as stopping primary protons in the low (<10 keV/um) LET
region and as short range, high LET secondary particles in the mid (>10 keV/um) and high
(>100 keV/um) regions. Relative and absolute contributions from GCR are functions of
orbital inclination with polar orbits receiving the greatest GCR contribution and equatorial
orbits receiving a smaller GCR contribution. High inclination, lower altitude orbits for the
space shuttle (57°) receive the major contribution to total dose from GCR. However, the
orbital inclination of STS-62 (39.0°) is high enough to allow GCR. to make a significant
contribution to dose and LET spectra.

2 Experiment

2.1 Assembly of Experiment

The CR-39 layers to be included in the ECT experiment were cut to dimensions of 49.8 x
39.8 cm?®. Thirteen (13) detector squares of 3x3 cm? were cut into the larger sheets. These
squares were used to measure LET spectra following the experiment. A portion of one edge
of each of the squares was left uncut so that the square detector would remain attached to
the larger sheet during the experiment. Twenty-seven (27) circles of 0.5 cm diameter were
also cut into the detector sheets to accommodate TLDs. Figure 1 shows the location of
the LET spectra squares and the TLDs. Each square was numbered as to location in the
larger sheet. The three TLDs nearest each numbered square share that number. A unique
identifying detector number, of the form ESS-NN, was scribed into each square in the lower
right-hand corner opposite the uncut edge. Figure 2 shows the numbering convention for
each PNTD square. E stands for ECT, SS denotes the number of the CR-39 sheet in the
batch, and NN denotes the position of the PNTD square on the sheet. A number of the
form ESS was scribed in the lower right hand corner of the large CR-39 sheet in order to
identify it after the PNTD squares had been removed. The scribed side of each layer is the

4



Table 1: Composition and type of each C